We describe an argon-ion-laser-pumped erbium-doped fiber laser at 1.55 ,um that incorporates low-rate frequency modulation of an intracavity acousto-optic modulator to provide repeated, continuous tuning of the output spectrum. The spectral width of this wavelength-swept fiber laser is as large as 20 nm with 9 mW of output power, even though erbium in silica has a mostly homogeneously broadened gain. The time-averaged visibility curve for a 14-nm-wide source indicates a short (160-,um) coherence length, which is of interest for fiber-optic gyroscopes that operate with long integration times and short-coherence-length sources.
Furthermore, these fibers can produce broad spectral sources that help to minimize coherent error signals in fiber gyroscopes. 1 Recently, our efforts have concentrated on the use of erbium (1.55 gm) rather than neodymium (1.06 Am) as the active ions because longer-wavelength sources should be less susceptible to high-energy radiationinduced loss mechanisms. Unfortunately, erbium in silica is mostly homogeneously broadened so that operation as a resonant laser produces a narrow linewidth (-1 nm) (Ref. 2) as well as coherent longitudinal mode structure. When operated as a high-power, nonresonant, amplified spontaneous emission source, the spectrum exhibits two peaks, one at 1.53 ,m and the other between 1.55 and 1.56 Am. 3 ' 4 Although such a source may have a broad spectrum (10 nm or more) and no longitudinal mode structure, it has a high pump power requirement.
This Letter describes one potential solution to these problems, the wavelength-swept fiber laser (WSFL), which sweeps the laser emission across much of the erbium fluorescence line in a period shorter than the integration time of fiber-optic gyroscopes while eliminating longitudinal modes and requiring low pump power. In this new device, sweeping is accomplished by an intracavity acousto-optic modulator (AOM), as previously used in electronically tuned narrow-line lasers such as dye lasers, 5 semiconductor lasers, 6 and the erbium-doped fiber laser. 7 The experimental setup is shown in Fig. 1 . An argon-ion laser at 514.5 nm provided 830 mW of absorbed pump power for a 5-m length of erbium-doped fiber (erbium concentration of a few hundred parts in 106, aluminum and phosphorus as codopants, N.A. = 0.129, core diameter 6.82 gm, provided by GTE). The pump-end fiber face, polished perpendicular to the fiber axis, provided one 4% cavity mirror, while the other end, polished at a 15° angle, provided no feedback. The power from the angled end was recollimated using a 1oX objective and directed through an 80-MHz AOM. The first-order, frequency-shifted, deflected beam (60% maximum deflection at 6 W of rf electrical power) was reflected by a flat high reflector (-99%) back through the AOM and objective lens and into the fiber core. With this configuration, all circulating photons were frequency shifted 160 MHz per round trip, removing the usual longitudinal mode structure of a standard resonant laser.
The AOM and the high reflector alignment were adjusted for maximum power (13.5 mW) at an acoustic frequency of 80 MHz. A 200-Hz sinusoidal wave form was applied to modulate the acoustic frequency with a maximum deviation of 0.55 MHz from the center frequency, which was varied from 77.3 to 81.7 MHz. The solid curves in Fig. 2 show the peak wavelengths of the WSFL as a function of center frequency without frequency modulation. 3 Superimposed onto these curves are vertical lines that define the optical spectral components generated at each center frequency when the frequency modulation was applied. higher power levels for rates lower than 1 kHz. However, for rates above 1200 Hz, the sinusoidal sweep produced both higher power levels and greater widths. The coherence length of the WSFL was tested by measuring its visibility curve using a scanning Michelson interferometer scanned at 50 Hz. Without a sweep, a 1-nm laser line produced the visibility curve of the acoustic frequency from 78.55 to 79.65 MHz produced laser emission from 1545.8 to 1560.5 nm (10 dB down from peak). The spectral shape was determined not only by the rf spectral components of the sweep wave form but also by the power produced by each component laser line and the rate of sweeping possible at each wavelength. Modulation of the laser wavelength with various sweep wave forms should facilitate the design of optical spectra to meet different requirements.
The dynamic behavior of the WSFL was explored by varying the swept wave form and sweeping rate. With a larger deviation of 0.85 MHz about a center frequency of 78.85 MHz the output power and swept width were measured as a function of sweep rate for both sinusoidal and sawtooth sweep wave forms (Fig.  4) . In both cases, the maximum width and power were 20 nm and 8.7 mW, respectively, for rates below 200
Hz. The reduction of both these quantities with increasing sweep rate took a substantially different form in the two cases. The sawtooth wave form maintained creases. This was confirmed for our intracavity AOM tuning system, which had a FWHM bandwidth of 10.6 nm. This width was the result of angular wavelength discrimination owing to the incorporation of a flat reflector in the system and the aperturing effect of the fiber core. 3 Since the tuning system passband was not much narrower than the Er:SiO 2 fluorescence spectra, its selectivity was poor in some wavelength ranges.
Ideally, for this system, a 1-MHz-wide sweep in acoustic frequency could produce as much as a 20-nm-wide swept spectrum. In practice, however, a 1.7-MHz sweep was required (see Fig. 4 ). The sweeping was even less effective on the shorter-wavelength fluorescence component, which was too narrow (-5 nm) to be tuned much by a 10.6-nm-wide tuning system. The combination of the spectral characteristics of Er:SiO2 and the tuning system bandwidth determined the swept width and the optical wavelengths produced for each center frequency in Fig. 2 as well as the form of the swept spectrum in Fig. 3, curve (b) .
The dynamic behavior of the WSFL is determined by the frequency shift of the first-order deflected beam of the AOM. Because this shift is unidirectional, it creates a nonsymetrical dynamic response for the two possible directions of sweep. In our case, the AOM produced a frequency downshift of '160 MHz or a wavelength upshift of 1.2 X 10-3 nm per round trip. When the acoustic frequency was swept upward, the optical wavelength swept downward in opposition to the modulator wavelength upshift. Laser line sweeping in this direction required desaturation of the gain medium and resaturation by the new laser line, which are inherently slow processes. On the other hand, downward sweeping of the acoustic frequency led to upward sweeping of the optical wavelength. In this direction, the AOM upshift provided an easy path for energy transfer. Hence, slow upward wavelength sweeping was accomplished by shifting the energy of a certain laser line to a longer-wavelength line through the AOM shift without requiring slow desaturationsaturation processes.
This directional sweep response explains the rate dependences of Fig. 4 . The orientation of the sawtooth wave form was chosen so that the majority of its cycle would be spent sweeping in the fast (wavelength upshift) direction, while the sinusoidal sweep spent an equal time sweeping in each direction. For very low sweep rates (<200 Hz) the medium responded fast enough to maintain lasing across the full width at full power. From 200 Hz to a few kilohertz, the power dropped for both curves but more rapidly for the sinusoidal sweep [see Fig. 4(a) ]. This is consistent with the fact that the sinusoidal sweep spent more time sweeping in the slow direction where lasing could not be maintained.
The maximum sweep rate that could produce the full swept width can be estimated by calculating the time needed for energy to be shifted across the full linewidth for the fast sweep direction. To move energy 20 nm at 1.2 X 10-3 nm per round trip requires 16,667 round trips. Therefore, with a cavity roundtrip time of 52 nsec, the minimum time needed was 866 ,usec. For the sinusoidal sweep, this should correspond to a half-cycle time. The minimum period required was 1.73 msec, or a frequency cutoff of 577 Hz, in broad agreement with the roll-off seen in Fig. 4(a) . This argument does not apply as well to the sawtooth wave form, which should be twice as fast since it spends no time sweeping in the slow direction. Explanations for this discrepancy and for features seen at high sweep rates (power oscillations, line narrowing, etc.) require arguments beyond the scope of this Let- ter.
In summary, we have demonstrated a broadband wavelength-swept laser incorporating a frequencymodulated intracavity AOM and an Er:SiO 2 gain medium. This produced a maximum spectral width of 20 nm when measured on a time scale long compared with the sweep period. This novel source is promising for fiber-optic gyroscopes because it exhibits a low temporal coherence length while maintaining high spatial coherence and high power output.
